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Respiratory Movement Measuring Instrument 
Reliability, reference values and clinical utility 
ABSTRACT 
Methods to evaluae respiratory function such as inspection, palpation, tape 
measurements, auscultation, chest radiographs and lung volume measurements have 
been used for a long time. During the last decades several additional evaluation 
methods have emerged measuring for example respiratory muscle strength and 
movements. However, few instruments measuring real time bilateral respiratory 
upper thoracic, lower thoracic and abdominal movements are available and none 
measuring simultaneously all variables of the respiratory movement pattern. 
The aims of the studies were to develop an instrument to measure respiratory 
movements and test its reliability. The instrument, Respiratory Movement Measuring 
Instrument (RMMI), was developed at the Bioengineering Department at Landspitali 
University Hospital according to the ideas of the author. Furthermore, to collect 
reference values for the instrument and investigate its usefulness in clinical practice. 
The RMMI was used to measure respiratory motion among two groups of healthy 
individuals in order to obtain reference values and test the reliability of the 
measurements. To test the clinical usefulness, a group of patients with ankylosing 
spondylitis (AS) and patients undergoing cardiac surgery (pre- and postoperatively) 
were studied. Respiratory motion, and lung volumes were measured and abnormal 
signs on chest radiographs rated among the cardiac surgery patients pre-operatively 
and one, 12, and 52 weeks postoperatively. 
Respiratory movements did not decrease significantly with increasing age from 20 to 
69 years. The only significant gender difference was that the men had significantly 
greater abdominal motion during deep breathing. Separate reference values are 
therefore presented for males and females. Correlations of respiratory movements 
measured on two consecutive days was strong for both quiet and deep breathing. The 
AS patients had significantly reduced upper thoracic movements compared with 
reference values. The cardiac surgery patients had highly significantly reduced 
average lung volumes, abdominal and lower thoracic movements and showed one or 
more abnormal sign on a chest radiograph one week post-operatively.  Twelve weeks 
after the operation average abdominal movement was still significantly reduced, but 
upper thoracic movement had increased. One year after the operation abdominal 
movement had still not fully recovered but average upper thoracic movement was 
significantly increased. When the cardiac surgery patients were divided into Median- 
group and IMA-group according to surgical procedure, abdominal motion was 
significantly more reduced among the IMA-group 12 weeks post-operatively. Both 
groups had symmetrical abdominal motion pre-operatively, but significantly 
asymmetrical among the IMA-group 12 week post-operatively. Both groups had 
symmetrical abdominal movements 52 weeks post-operatively, but the IMA-group 
had significantly reduced abdominal movements. Abdominal movements were still 
significantly decreased compared with pre-operative values one year after cardiac surgery. 
The RMMI is a reliable instrument and is easy to use in clinical practice for 
measuring respiratory movement and respiratory movement pattern. 
 
 2 
Öndunarhreyfingamælirinn ÖHM-Andri 
Áreiðanleiki, viðmiðunargildi og gagnsemi í klínískri vinnu 
  
ÁGRIP 
Löng hefð er fyrir notkun ýmissa aðferða til skoðunar á starfsemi öndunarfæra. Má 
þar nefna þreifingu, málbandsmælingu á ummáli brjóstkassa, röntgenmyndatöku og 
mælingar á rúmtaki lofts í lungum. Á síðustu áratugum hafa ýmsar aðferðir bæst í 
hópinn til dæmis aðferðir til að mæla styrk öndunarvöðva og öndunarhreyfingar. 
Tæki sem mælir öndunarhreyfingar efri og neðri hluta brjóstkassa og kviðar á báðum 
líkamshelmingum samtímis, auk öndunartíðni og takts hefur ekki verið þróað áður. 
Markmið rannsóknanna voru að þróa tæki til mælinga á öndunarhreyfingum og 
kanna áreiðanleika þess. Tækið, öndunarhreyfingamælirinn ÖHM-Andri, var hannað 
á heilbrigðistæknideild Landspítalans samkvæmt hugmynd höfundar. Ennfremur að 
safna viðmiðunargildum og kanna notagildi ÖHM-Andra í daglegu starfi 
sjúkraþálfara. 
Öndunarhreyfingar tveggja hópa heilbrigðra einstaklinga voru  mældar með ÖHM-
Andra í þeim tilgangi að safna viðmiðunargildum og prófa áreiðanleika tækisins. 
Öndunarhreyfingar minnkuðu ekki marktækt með hækkandi aldri frá 21 til 69 ára. 
Eini munurinn á öndunarhreyfingum karla og kvenna var að karlar höfðu marktækt 
meiri kviðarhreyfingar við djúpa öndun. Viðmiðunargildi eru því gefin upp sér fyrir 
karla og konur. Sterk fylgni var milli öndunarhreyfinga sem mældar voru tvo daga í 
röð bæði í hvíldar- og  djúpri öndun. 
Til að kanna notagildi ÖHM-Andra voru öndunarhreyfingar sjúklinga með hryggikt 
mældar. Einnig voru lungnarúmmál og öndunarhreyfingar mældar og röntgenmyndir 
af lungum metnar hjá hjartasjúklingunum fyrir skurðaðgerð og einni, 12 og 52 vikum 
eftir aðgerð. 
Hárifja öndunarhreyfingar hryggiktarsjúklinga voru marktækt minni en hjá 
heilbrigðum einstaklingum, sem hefði líklega ekki komið í ljós við hefðbundna 
mæliaðferð með málbandi. 
Hjartaskurðsjúklingarnir voru með marktækt skert lungnarúmtak, lágrifja- og kviðar 
hreyfingar og  röntgenmyndir af lungum sýndu  eitt eða fleiri óeðlileg einkenni viku 
eftir skurðaðgerð. Kviðarhreyfingar voru enn marktækt skertar 12 vikum eftir 
aðgerð, en hárifja hreyfingar voru auknar. Ári eftir hjartaskurðaðgerð höfðu 
kviðarhreyfingar enn ekki náð sama hreyfiferli og fyrir skurðaðgerð, en hárifja 
hreyfingar voru marktækt auknar.  
Sjúklingum sem fóru í hjartaskurðaðgerð var skipt í tvo hópa. Median-haki var 
notaður í skurðaðgerðinni hjá öðrum hópnum (Median-hópur), en hjá hinum bæði 
Median- og Internal Mammary Artery-haki (IMA-hópur). Tólf vikum eftir 
skurðaðgerð voru kviðarhreyfingar marktækt minni hjá IMA-hópnum. Fyrir 
skurðaðgerð voru kviðarhreyfingar beggja hópa samhverfar, 12 vikum síðar voru þær 
ósamhverfar hjá IMA-hópnum, en samhverfar hjá báðum hópum ári eftir 
skurðaðgerð. Ári eftir hjartaskurðaðgerð voru kviðarhreyfingar hjá IMA-hópnum enn 
marktækt minni en fyrir aðgerð.  
ÖHM-Andri er áreiðanlegt tæki og auðvelt í notkun við daglega vinnu til mælinga á 
öndunarhreyfingum og munstri öndunarhreyfinga. 
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INTRODUCTION 
 
Evaluation of respiratory function has for a long time consisted of inspection, 
palpation, tape measurements, auscultations, chest radiographs and lung volume 
measurements. Additional evaluation methods have emerged during the last decades 
for example methods to assess respiratory muscle strength and movements of the 
diaphragm (3, 18, 39). However, few instruments measuring real time bilateral 
respiratory upper- and lower thoracic together with abdominal movements are 
available and none displaying simultaneously all variables of the respiratory 
movement pattern. Such an instrument was not available for use in clinical practice 
prior to the development of the Respiratory Movement Measuring Instrument 
(RMMI).     
 
Respiratory movements 
The rib cage, composed of several types of solid and soft tissues, is a biomechanical 
unit responsible for respiratory movements and protection of the underlying organs 
(Figure 1). The thoracic vertebrae, ribs and sternum comprise the solid part, but the 
soft part consists of the inter-vertebral discs, articular capsules, ligaments and the 
diaphragm, together with the intercostal and accessory respiratory muscles (40). For 
optimal respiratory movement to take place all structures must be intact and function 
normally (16). The diaphragm, the main inspiratory muscle, forms the base of the 
thoracic cavity and divides the trunk into the thoracic and abdominal chambers (28).  
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Figure 1. Rib cage and diaphragm 
Illustration of shape and location of the diaphragm within the rib 
cage. Reprocduced from the Internet. 
www.nlm.nih.gov/.../ency/imagepages/17072.htm 
 
 
Respiratory movements refer to the linear displacements of the ribs and abdomen and 
are labelled thoracic and abdominal respiratory movements. The combined 
movements of the thorax and diaphragm increase the vertical, transverse and antero-
posterior diameters of the thorax causing decreased intra-thoracic pressure resulting 
in airflow into the lungs. The airflow in and out of the lungs is called breathing or 
inspiration and expiration. Inspiration is active but expiration passive caused by the 
elastic recoil of the lungs.  
Breathing can both be non-volitional and volitional (17, 67). Non-volitional 
breathing is regulated according to metabolic requirements and is called quiet 
breathing at rest, but becomes deeper and more rapid during exertion in response to 
increased metabolic demand. Volitional breathing can be quiet, deep, (i.e. deeper 
than metabolically required) and maximal breathing, where the person takes as deep 
a breath as possible, often called vital capacity (VC) breathing (17, 67). During quiet 
breathing, respiratory movements are believed to be abdominal or thoraco-abdominal 
in type with no visible movement of the upper thorax (17, 67), but the actual range is 
not known. 
Respiratory movements during both quiet and deep breathing are considered to be 
symmetrical (52). Expiration time is slightly longer than the inspiration time (6, 79), 
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but great variability in frequency of quiet breathing per minute has been reported  i.e. 
from 10 to 17 breaths (7, 55, 60, 79). According to Bencehetrit (2000), Quetelet in 
1842 and Hutchinson in 1850 in fact reported frequencies from 6 to 31 breaths per 
minute (5). 
Abdominal  movements 
When the diaphragm contracts, its domes descends and the bases of the lungs are 
pulled down with it. The descent of the diaphragm causes the intra-abdominal 
pressure to increase and in order to maintain space for the incompressible content of 
the abdominal cavity, the abdominal wall moves outwards (28). Previously the 
diaphragm was considered the only active muscle during relaxed normal breathing, 
but it has been shown that breathing is a complex movement involving the co-
ordinated action of many muscle groups of the chest, abdomen, neck and even the 
lower part of the face (28). The abdominal respiratory movements inspected with the 
subject in the supine position are seen as a gentle rhythmical rise and fall of the 
abdominal wall. When the abdominal wall is firm enough, the diaphragm can cause 
both abdominal and lower thoracic movements. Then, the domes of the diaphragm is 
fixated by the abdominal pressure and continuous contraction of the diaphragm 
elevates the lower ribs (16, 28).  
Thoracic movements 
The shape of the articular surfaces and the axes for movements at the costotransverse 
joints dictate the direction of the elevation of the thorax (Figure 2). In the upper part 
the anterior end of the ribs push the sternum forwards, mainly increasing the antero-
posterior diameter similar to pump handle motion. The bucket handle motion of the 
lower part elevates the lateral part of the ribs thus increasing the transverse diameter 
and to a lesser degree the antero-posterior diameter of the thorax (25, 42, 54, 83). 
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Figure 2. Pump and bucket handle movements 
 
Respiratory movement patterns 
In the scientific literature on cardiopulmonary diseases the term breathing pattern has 
been widely used, mostly in connection with lung volume measurements for 
obstructive or restrictive breathing defects (5, 51, 57, 84). However, this term or 
concept has been given different meaning, including a diversity of variables such as 
frequency, rhythm (55, 56, 79, 84) and tidal volume (5, 55-57, 79, 80, 84).  Therefore 
the concept of respiratory movement pattern comprising the concepts of range-, type, 
symmetry, rhythm and frequency of respiratory movements will be introduced and 
described in this thesis. 
Abnormal respiratory movement patterns 
Changes in respiratory movements are evident in connection with deformities, 
skeletal disorders and cardiopulmonary diseases. Chronic obstructive pulmonary 
disease is a good example, where the respiratory movements are decreased judged by 
the decrease in tidal volume (80). The breathing becomes increasingly more thoracic 
as the disease progresses and can even become paradoxical (11, 80). Furthermore, 
the rhythm is changed as the expiration time is prolonged compared with normal, and 
the frequency is increased to compensate for decreased tidal volume (56, 80). On the 
other hand, an example of abnormal respiratory movement pattern is the increase in 
Pump handle motion 
Bucket handle motion 
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upper thoracic movements occurring in chronic hyperventilation syndrome. In 
connection with this syndrome there is also increase in respiratory frequency in 
excess of metabolic requirement (9). In contrast, decreased frequency of breathing is 
associated with drug overdose (44) and diseases such as myasthenia gravis (16). 
Finally, asymmetrical respiratory movements have been found among patients 
suffering from idiopathic scoliosis (52) and can be expected for example among 
patients with unilateral phrenic nerve paresis as well as among those with severe 
unilateral atelectasis. 
 
Evaluation of respiratory function 
Traditional evaluation of patients by physiotherapists consists of collecting 
demographic data, inspection, palpation, function or movement testing. A combined 
method of inspection and timing with a stop watch is used to assess the respiratory 
rhythm or inspiration/expiration ratio (I:E ratio) (62). The frequency of respiratory 
movements is measured by counting the number of respiratory cycles in one minute 
(62). In the following section the assessment methods relevant to the scope of this 
thesis will be addressed. 
 
Radiography 
Standard chest radiograph is the most frequently used method to assess abnormalities 
within the thoracic cavity. It gives a static picture of bone, tissue, water, and air, all 
of which have different densities and therefore varied x-ray penetration. Bone is a 
dense structure and is therefore white on the radiograph. Air has very little density, 
consequently air-filled zones are black, and other structures with varying densities 
and thickness create shadows on the radiograph (71). 
The most frequently encountered findings on radiographs following cardiac surgery 
are atelectasis, pleural effusion and an elevated diaphragm on the left side (31, 33, 
46, 88). Atelectasis is an incomplete expansion or a collapse of the lung or a portion 
of a lung (77). Frequency of atelectasis following cardiac surgery has been reported 
as high as 90% to 100% (53, 88, 89). Atelectasis among cardiac surgery patients is 
mainly seen as linear densities appearing at the base of the lung and retrocardially 
(46, 53, 88). 
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Pleural effusion is a condition of increased fluid in the interpleural space between the 
viseral and parietal pleura. It causes restriction of respiratory movements, 
compression of alveoli and may result in atelectasis (19). Pleural effusion shows as 
white shadow on the radiograph and if extensive it obscures the ribs and lungs. A 
lateral radiograph is useful to evaluate the presence of fluid, as it can be difficult to 
distinguish between pleural effusion, pleural thickening and neoplasm of the pleura 
(22). The fluid will move within the pleural space with change in position, whereas 
the other signs on the radiograph will not. 
An elevated left dome of the diaphragm has frequently been reported as a 
complication of cardiac surgery. The most investigated causal factor is injury to the 
left phrenic nerve (31, 33, 90). Other reasons for an elevated diaphragm can be a 
massive collapse of the lower lobe, which pulls the diaphragm up, and increased 
abdominal content or obesity, pushing it up and causing collapse of the lung (22). 
Instrumental evaluation of lung function 
The most common instrument used to evaluate lung function is the spirometer. 
Measurements with spirometer alter the breathing pattern by increasing tidal volume 
and decreasing frequency of breathing. These alterations are due to the use of a nose 
clip and a mouthpiece (4, 41, 49, 65, 75). Therefore, methods to estimate lung 
volumes from rib cage and abdominal movements were developed. 
 
Spirometry 
Spirometry involves measurements of lung volumes and gas flow rates (71). Tidal 
volume (VT), vital lung capacity (VC), forced vital capacity (FVC) and forced 
expiratory volume in one second (FEV1) are the most frequently tested and analysed 
lung volumes (Figure 3). VT is the amount of air in- or expired during normal quiet 
breathing (70, 71). An average healthy adult has VT of 500 ml ± 100 ml (71). VC is 
the greatest amount of air the individual can exhale after maximal inhalation (70, 71). 
The normal values for adults range between 4000 to 5000 ml, but can be significantly 
influenced by age, gender, test position (71) height, and ethnicity. FVC is the volume 
of air exhaled forcefully following maximal inhalation and FEV1 is the volume of air 
exhaled forcefully during the first second of exhalation (71).  
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Figure 3. Lung volumes 
Tidal volume = volume of air inhaled during normal quiet breathing. Residual 
volume (RV) =  volume of air in the lungs after maximal expiration. Functional 
residual capacity (FRC) = volume of air in the lungs after exhalation during quiet 
breathing. Inspiratory capacity = volume of air from FRC to maximal inhalation. 
Vital lung capacity from RV to maximal inhalation. 
 
Estimation of lung volume from respiratory movements 
According to a theory of Konno and Mead 1967 “the chest can be looked upon as a 
system of two compartments with only one degree of freedom each” (49). 
Consequently any volume change of the abdomen must be equal and opposite to that 
of the rib cage (49). They also stated that the volume change was close to being 
linearly related to changes in antero-posterior diameter. When a known air volume is 
inhaled and measured with a spirometer, a volume-motion relationship can be 
established as the sum of the abdominal and rib cage displacements (49). Thus, 
according to this theory, only changes in the antero-posterior diameter of the 
abdomen and the rib cage are needed to estimate changes in lung volume (4). 
Several methods based on this theory have been developed. The first was the 
magnetometer followed by the respiratory inductive plethysmography (RIP) and the 
electrical impedance tomography (EIT). 
The magnetometer was the first instrument developed to estimate lung volumes from 
respiratory motion in the late sixties. It is a transducer system for recording changes 
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in antero-posterior diameters by measuring at one point on the body surface the 
strength of the magnetic field generated at the opposite body surface (49). Two pairs 
of magnetometer coils are taped in the midline to the dorsal and ventral surface of the 
body, one over the rib cage at the level of the fourth anterior intercostal space and 
posteriorly at the same level. The other over the abdomen 2 to 3 cm above the 
umbilicus and at the same level posteriorly (49, 75). Later, researchers have used 
three (59) or four pairs of coils (41). Magnetometer measurements can be influenced 
by metallic objects in the surroundings and therefore difficult to use in hospital 
settings. Consequently investigators sought other methods (36).  
The respiratory inductive plethysmograph (RIP) is the most frequently used method 
to estimate lung volume from respiratory movements (21, 85). It consists of two 
transducers, an analogue to digital converter, a computer and software. The two 
transducers are sinusoid wire coils insulated and placed within two 2.5 cm wide, 
lightweight elastic and adhesive bands (21, 85). The transducer bands are placed 
around the rib cage under the armpits and another around the abdomen at the level of 
the umbilicus (21, 85). They are connected to the analogue-digital converter and a 
computer, where the respiratory movements are recorded and displayed as real-time 
uncompressed wave forms on the computer screen. During inspiration the cross-
sectional area of the rib cage and abdomen increases altering the self-inductance of 
the coils and the frequency of their oscillation, which is transmitted to the RIP 
monitor and digitally to the software (85) where the increase in cross-sectional area 
is transformed to lung volumes. 
Electrical impedance tomography (EIT), is still another method (18, 37, 58), where 
electrodes are attached circumferentially to the rib cage. The voltages resulting from 
a small electric current running through the electrodes are measured and the relative 
impedance change is proportional to lung volumes (37). 
Estimation of lung volume from one single cross- sectional area of thorax and one 
from the abdomen, as in RIP measurements, and two or three diameters, as in 
magnetometer measurements, has been considered insufficient (25). The criticism 
has resulted in the introduction of a method to measure respiratory motion and 
estimate lung volume based on the use of an automatic three dimensional motion 
analyzer, the ELITE (elaboratore di immagini televisive) system (12, 14, 26, 35, 36, 
73). This system is composed of two to four specially designed television cameras 
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small hemispheric markers coated with reflective paper, a computer, and software 
(14).  
Clinical assessment of respiratory movement patterns 
Inspection of the breathing pattern involves observing the amount, place (i. e. where 
the largest movement takes place) and symmetry of respiratory movements. A 
combined method of palpation and inspection is also used to assess respiratory 
movements. This method is performed with the patient sitting on a couch; the 
examiner is standing behind him and places her hands over the patient’s lower thorax 
with the thumbs meeting at midline, after the patient has exhaled maximally. The 
patient is then instructed to inhale maximally, the examiner’s hands follow the 
expanding thorax and the increased distance between the thumbs and the rotations of 
the observer hands are observed (Figure 4). The normal distance between the thumbs 
during maximal breathing is considered to be 3 to 5 cm (62). 
 
 
Figure 4. Assessment of respiratory movements 
 
A similar method can be used anteriorly, but upper thoracic movements are more 
difficult to assess. It can be felt by placing the hands below the clavicles and thus 
make a subjective assessment of the rise and fall of the upper thoracic wall. (62). 
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Tape measurements 
Tape measurement is an inexpensive and convenient method to measure chest 
expansion. The measurement outcome is the difference in centimetres in the 
circumference of the chest at the end of expiration and the end of inspiration (13, 42, 
64). The most usual measurement site is at the level of the xiphisternal joint, but 
additional measurement at the anterior axillary fold has also been recommended (13, 
64). The reliability of testing with tape measurements has ranged from poor (43, 66) 
to good (2, 24, 43, 68), depending on the use of a standardized measurement method 
and the experience of the tester. The resolution of the measurement is 1.0 mm but in 
practice the recordings are often in 0.5 cm intervals, as a more accurate reading is 
difficult. The sensitivity of tape measurements has been questioned and considered 
insufficient for use in clinical trials or intervention studies (2). Furthermore, a tape 
measure can obviously not differentiate between movements of the right and left side 
of the chest and in order to obtain simultaneous measurements of chest and 
abdominal movements demands two testers. 
 
Equipments to measure respiratory movements 
Apart from the ELITE system mentioned above, ultra dynamic magnetic resonance 
imaging (MRI) (18, 76) has recently been introduced as a method for measuring 
respiratory movements. It can give trans-sectional images of thorax in the sagittal, 
transverse and coronal planes during breathing (18, 48). Sonography originally used 
in cardiology has also recently been applied to measure movement and thickness of 
the diaphragm (3, 34, 39). The ELITE system and MRI are very expensive 
instruments and are impossible to use at the bedside or in a physiotherapy 
department. 
Thus, an instrument for measuring all parameters of the respiratory movement 
pattern simultaneously that is easy to use in clinical practice is needed. 
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AIMS OF THE THESIS 
 
The overall aim of the thesis was to develop further the new instrument, Respiratory 
Movement Measuring Instrument (RMMI) measuring respiratory movements, which 
was constructed according to the ideas of the author of this thesis. Furthermore, to 
investigate its usefulness in clinical practice.  
 
The specific aims of the studies were to: 
 
Establish age- and gender-related reference data on respiratory movements and 
patterns for RMMI (I). 
  
Introduce a new method to measure chest wall motion in patients with ankylosing 
spondylitis and to compare the measurements with reference values for healthy 
individuals of same gender and age (II). 
 
Examine changes in respiratory movements and pulmonary function before and one 
week after median sternotomy (III).   
 
Investigate whether respiratory movements and pulmonary function are changed 12 
and 52 weeks after cardiac surgery compared with pre-operative status (IV). 
 
Compare the effects of two different cardiac surgery procedures on respiratory 
function twelve and fifty-two weeks post-operatively (V). 
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MATERIALS AND METHODS 
 
The Respiratory Movement Measuring Instrument, RMMI 
A convenient instrument capable of measuring bilateral real time respiratory 
movements of the upper and lower thorax and the abdominal wall simultaneously is 
required to fulfil the aims of the studies. An additional requirement is that all 
variables of the respiratory movement pattern are calculated and can be displayed on 
a computer screen. Furthermore, the instrument has to be easy to operate and 
transportable for measuring at the patient’s bedside. As no instrument meeting these 
requirements was found, a new device, the Respiratory  Movement Measuring 
Instrument, RMMI, was developed in co-operation with the Landspitali University 
Hospitals bioengineering department managed by Dr. Thordur Helgason, 
bioengineer. 
 Prototype I of the RMMI (I, III-IV) 
RMMI Prototype I, developed in cooperation with Gylfi Sigurdsson technician and 
Baldur Thorgilsson engineer. Landspitali University Hospital, Reykjavík Iceland, is 
made of six ultrasound Senix Ultra-U revision B sensors (Senix Corporation, 52 
Maple St., Bristol, VT 05443, USA) (Figure 5a) which detect changes in the antero-
posterior diameter of the chest and abdominal wall during inspiration and expiration 
(Figure 6). The accuracy of the measurements is 0.2  a frequency of 1 Hz.  
A pole holding the sensors is fastened to one side of a table (Figure 5b1). It’s height is 
adjustable and it is bent at a 90° angle at the upper end onto which two rods are 
fastened (Figure 5b2). The rods can be moved from side to side along the horizontal 
end of the pole to adjust for different chest widths and rotated on the pole to adjust 
for measurement in supine, half-sitting, sitting or standing positions. Three clamps 
holding the sensors are fastened to each rod (Figure 5b3). They can be moved along 
the rods and rotated in respect to the clamps to adjust for different body lengths.  
The connecting cabinet (Figure 5c) converts analogue signals from the sensors into 
digital ones and sends them to the computer. 
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Figure 5. The Respiratory Movement Measuring Instrument, Prototype I 
a) Six lightweight ultrasound sensors b) A pole, rods and clamps to hold the sensors c) Connecting 
cabinet for analogue to digital conversion. d) A computer with a Windows 98 computer system and 
input devices. e) A four-wheel table with locks on all wheels. Photograph by Thordis Elva 
Agustsdottir, LSH. 
 
The computer program calculates the mean range of antero-posterior respiratory 
movements from all 6 sensors together with standard deviations, ranges, respiratory 
frequency, and the mean inspiratory and expiratory times. All data are saved, 
displayed and can be transferred to Excel program for further analyses. Thus, five 
parameters of the respiratory movement pattern can be derived from the 
measurements, as well as the site where the largest range of motion occurs indicating 
the type of respiratory movement. The table has four rather large wheels, making it 
easy to move in and out of elevators as well as around the wards. The wheels have 
locks to ensure stability of the table during measurements (Figure 5e).  
 
Pole1 
 
Rod2 
 
Clamp3 
d. Computer with a 
special program 
c. Connecting cabinet  
b 
a. Utrasound sensor 
e. Table 
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Figure 6. Changes in antero-posterior diameter of thorax and abdomen 
The rib cage and abdominal wall in the lowest position (expiration) and highest position (inspiration) 
showing increase in antero-posterior diameter. 
Parameters measured with the RMMI 
The information obtained from the RMMI measurements are range, type, symmetry, 
rhythm and frequency of respiratory movements (Figure 7) and are described as 
follows: 
 
 
 
 
Figure 7. One respiratory cycle 
Range of motion, inspiration and expiration time 
 
 
  
     Inspiration time           Expiration time 
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Range of motion: 
• Range of motion during quiet inspiration is the distance from the upper limit of 
functional residual capacity (FRC) to the end of the inspiration and during quiet 
expiration from the end of inspiration back to the upper limit of FRC (Figure 3).  
• Range of motion during deep inspiration is the distance from the upper limit of 
FRC to the end of sub-maximal inspiration and during deep expiration from the 
end of sub-maximal inspiration back to the upper limit of FRC.  
• Range of motion during VC inspiration is the distance from maximal expiration 
(residual volume, RV) to the end of maximal inspiration and during expiration 
from the end of maximal inspiration back to maximal expiration, RV. 
 
Type, symmetry, rhythm and frequency of respiratory movements  
• Types of respiratory movements are labelled according to the site where the 
greatest range of motion takes place.  
• Respiratory movements are symmetrical when the ranges of abdominal and 
thoracic respiratory movements are the same on the right and left side of the 
torso. 
• The rhythm of normal respiratory movements, often called duty cycle or 
inspiration/expiration ratio, I:E ratio, is the ratio between inspiration time, from 
FRC to peak inspiration, and expiration time from full inspiration back to FRC.  
• The frequency of respiratory movements is the number of breathing cycles per 
minute where one breathing cycle is one inspiration and one expiration. 
Reliability of the RMMI 
A convenience sample of 10 female staff members at the Department of 
Rehabilitation at Landspitali-University Hospital, Reykjavík, was measured with the 
RMMI Prototype I at the same time of day on two consecutive days. Demographic 
characteristics were recorded (Table 1) and the subjects answered questions 
regarding their health. The average respiratory movements during quiet and deep 
breathing measured on day 1 and day 2 were very similar and are shown in Table 2. 
Correlations between respiratory movements on day 1 and day 2 ranged from r 0.707 
to 0.960 for quiet breathing and from r 0.903 to 0.976 for deep breathing (Table 3). 
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Table 1. Demographic data from participants in the reliability study 
 
 
 
Age 
in years 
Height 
in cm 
Weight 
in kg 
BMI 
kg/m2 
Mean± SD 45±12 169±7 67.0±12 23.4±2.4 
Range 29-67 160-181 51-89 19.4-27.2 
 
Table 2. Respiratory movements during quiet and deep breathing 
 
 
Abdominal 
Movement 
Upper Thoracic 
Movement 
Lower Thoracic 
Movement 
Quiet breathing Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 
Mean±SD 7.2±1.8 7.0±1.8 3.9±0.8 3.6±0.9 3.7±2.0 3.8±2.0 
Range 4.5-10.6 4.3-10.1 2.5-5.9 2.3-5.7 1.5-6.7 1.1-6.3 
Deep breathing Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 
Mean±SD 21.5±6.8 20.4±7.4 18.2±8.3 17.2±8.3 20.7±8.8 20.3±8.2 
Range  11.4-33.0 9.8-38.5 9.8-35.4 7.0-33.6 8.9-38.6 9.4-36.4 
 
Average right and left respiratory movements measured in mm among 10 subjects during quiet and 
deep breathing on two consecutive days (day 1 and 2). 
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Table 3. Correlations of RMMI measurements.      
  
Site of measurement 
 
Quiet breathing 
Spearman’s rho 
 
p-value 
Right Abdominal Movement 0.902 0.0001 
Left Abdominal Movement 0.924 0.0001 
Right Lower Thoracic Movement  0.768 0.0090 
Left Lower Thoracic Movement 0.707 0.0222 
Right Upper Thoracic Movement 0.960 0.0001 
Left Upper Thoracic Movement  0.945 0.0001 
Site of measurement 
 
Deep breathing 
Spearman’s rho 
 
p-value 
Right Abdominal Movement 0.915 0.0001 
Left Abdominal Movement 0.976 0.0001 
Right Lower Thoracic Movement 0.952 0.0001 
Left Lower Thoracic Movement 0.903 0.0001 
Right Upper Thoracic Movement 0.939 0.0001 
Left Upper Thoracic Movement 0.927 0.0001 
 
Correlations of RMMI measurements on day 1 and 2 during quiet and deep breathing 
Prototype II of the RMMI (II) 
The measuring frequency of Prototype I (1 Hz) turned out to be too low to capture 
severely abnormal respiratory movement patterns that occur for instance among 
patients suffering from cerebral palsy. Therefore the second prototype of RMMI 
(Figures 8-10) was designed with sensors based on infrared light (SICK MN, USA). 
Prototype II measures the same parameters as Prototype I, but has an accuracy of 
0.0003 mm, measuring frequency of 21 Hz as well as more comprehensive and user 
friendly software. 
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Figure 8. RMMI, Prototype II 
Prototype II was developed in cooperation with Gylfi Sigurdsson and Halldor 
Kristinsson engineer. Photograph by Thordis Elva Agustsdottir, LSH. 
 
 
Figure 9. Screen picture of respiratory movement measurements with RMMI II 
The graphs from bottom to top show right and left abdominal (RA-LA), lower thoracic 
(RLTh-LLTh) and upper thoracic (RUTh-LUTh) movements 
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Figure 10. Screen picture of measurement results 
The first column shows average motion, column 2 and 3 show the range, the 4th 
column standard deviation, and the 5th  inspiratory-expiratory ratio. The upper right 
window shows the respiratory frequency. The black vindows depict the frequency 
spectrum at the different sides 
 
Reference values for Prototype II 
Reference values from 100 healthy subjects were obtained using RMMI Prototype I 
(Study I). As greater ranges of motion can be expected measured with Prototype II 
due to much higher measuring frequency, 20 healthy women were measured at the 
same day using both prototypes. The results showed on the average 1.2 mm ± 0.73 
greater range of motion for Prototype II (data not shown). Consequently all the 100 
reference values for all 6 measuring sites were extrapolated with 1.2 (Study II).  
 
Subjects 
 
In all studies subjects were recruited as volunteers and signed an informed consent 
prior to participation in the study. Participants in study I were 100 healthy 
individuals with a variety of occupations, recruited from several big establishments 
in Reykjavík and its surroundings. Requirements for entering the study were to be 
free of conditions that could adversely affect respiratory movement, such as 
cardiopulmonary and rheumatic diseases, trauma or postural abnormalities, body 
mass index less than 30, and no history of smoking. 
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Participants in study II were 14 males diagnosed with Ankylosing Spondylitis 
according to the New York criteria (82), who were compared with 14 age and BMI 
matched healthy individuals from study I.  
For participation in studies III to V, 28 consecutive patients admitted to Landspitali-
University Hospital for open heart surgery with sternotomy were contacted. Two 
patients declined participation and six were excluded as they did not meet the 
inclusion criteria. Excluded were patients with previous cardiac surgery, those unable 
to walk 50 meters, or stayed in the intensive care unit more than 48 hours, leaving 20 
patients participating in studies III to V. 
The Data Protection Authority and the University Hospital’s Ethics Committee 
accepted the study protocols. 
 
Assessment of respiratory movements 
Respiratory movements were measured using the RMMI Prototype I in studies I, III-
V, whereas Prototype II was used in study II. 
Procedure 
In all the studies respiratory movements were measured with the subjects in a supine 
position. The headrest was raised 20 degrees and a pillow was placed under the 
subject’s head and another under the knees. When measuring with RMMI Prototype I 
three lightweight hemispherical landmarks were fastened with double-sided adhesive 
tape bilaterally to the subject’s chest and abdominal wall (Figure 11). The landmarks 
were placed on a vertical line from the middle one third of the clavicles at the level 
of the 4th and 9th ribs and the umbilicus for measuring thoracic and abdominal 
motion. The sensors were then placed 20 centimetres above the landmarks (I, III- V) 
in order to be within the optimal measuring range of the sensors. 
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Figure 11. Placement of the landmarks for measuring with Prototype I 
Photograph by Thordis Elva Agustsdottir, LSH. 
 
When using RMMI Prototype II the landmarks are not needed as the light spots are 
visible on the subjects´ skin. The measuring range however is shorter and therefore 
the sensors were placed at a distance of 10 centimetres. Prior to the measurement the 
subjects were provided with protective glasses (II). 
 
Assessment of lung volumes 
Spirometry (III – V) 
In studies III and IV vital Capacity (VC), Forced Vital Capacity (FVC), and Forced 
Expiratory Volume in one second (FEV1) were measured with the Pulminet III 
spirometer (Gold Godart Ldt. Bilinoven, Netherlands), but Vitalograph Alpha 
spirometer (Vitalograph Ltd. Maids Moreton Buckingham MK 181 SW England) was 
used in study V. 
 
Procedure 
The patients were in an upright sitting position on a chair with a backrest. 
Information on name, identification number, age, height, weight, gender (both 
instruments) date and room temperature (Pulminet III), ethnicity, patient co-
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operation and smoking history (Vitalograph Alfa) was recorded. The reason for the 
test and its procedure was explained to the patients. The best of three trials were used 
for analyses of all tests (III - V).  
Procedure using the Pulminet III. Test for vital capacity was chosen from the menu, 
the patients wore a nose clip and were asked to inhale maximally, then they placed 
the mouthpiece in their mouth, closing it firmly around the mouthpiece, and exhaled 
completely. The test for FVC was then selected from the menu and the procedure 
was repeated, except that the patient was instructed to exhale as fast as possible 
without the emphasis of trying to exhale as much air as possible.  
 
Procedure using the Vitalograph Alpha (V). The mouthpiece was placed in the 
patient’s mouth and he asked to close his mouth tightly around it to avoid air 
leakage. The nose clip was put into place for the same reason. Instructions to the 
patient were to breathe normally until asked to inhale as deeply as possible, then 
exhale as fast and forcefully as possible for 6 seconds followed by maximal 
inhalation and then relax. The program was stopped after the second maximal 
inhalation. The nose clip and mouthpiece were removed and the patient rested for 1 
minute. 
 
Assessment of chest radiographs 
Chest radiographs were obtained for all cardiac surgery patients pre-operatively, on 
the fifth post-operative day, together with 12 and 52 weeks after the operation (III – 
V). On the fifth post-operative day an additional lateral radiograph was obtained for 
evaluation of pleural effusion. All radiographs were analysed and rated on a scale of 
1 to 4 by the same radiologist Dr Petur Hannesson PhD (Table 4), who constructed 
the scale. 
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Table 4.  A scale for grading signs on chest radiographs 
_________________________________________________________________________________ 
Atelectasis of the left lung 
Grade 1:  None.  
Grade 2:  Minor. Little shadowing in the retrocardial area. No significant reduction in lung volume. 
Grade 3:  Medium. Significant shadowing in the retrocardial area and at the base of the lung.  
  Not major reduction of lung volume. 
Grade 4:  Major. Near total collapse of the inferior lobe. An opaque area in the basal-medial 
part of the lung with sharp lateral border. Significant volume reduction of the left lung. 
Grade 1-4b: Atelectasis in other parts of the lung. 
Pleural fluid 
Grade 1:  None.  
Grade 2:  Minor. Some filling of the costophrenic angle. 
Grade 3:  Medium. Near total filling of the costophrenic angle. Fluid seen running up the lateral  
 chest wall and /or shadowing of the lower part of the left lung. 
Grade 4:  Major. Fluid fills the lower part of the left thorax and/or shadowing of the whole left lung. 
Grade 1-4b: Pleural fluid in other parts of the lung. 
Position of the left diaphragm 
Grade 1: Normal.  
Grade 2: Minor elevation. The left diaphragm is slightly higher than the right diaphragm. 
Grade 3: Medium elevation. The left diaphragm is elevated up to half the height of the left heart  
 border. 
Grade 4: Major elevation. The left diaphragm is elevated above half the height of the left heart border. 
Grade 1-4b:  Elevation of the right diaphragm. 
__________________________________________________________________________________ 
 
Health status  
Subjects were interviewed and asked appropriate standardized questions about 
cardiopulmonary, neurological and rheumatic diseases, trauma, surgery and postural 
abnormalities, which could affect respiratory movements (I - V). 
 
Statistical analyses 
Descriptive statistics were used to calculate the means, standard deviations and 
ranges of the demographic data, respiratory movements, (I-V), VC, FVC, FEV1 (III-
V) as well as data obtained during cardiac surgery such as bypass time, clamp time, 
lowest body temperature, passive opening of the sternal split, length of the internal 
thoracic (mammary) artery, the distance between the two sternal borders and the 
difference in their height (III). 
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 Compared means 
As the data were not normally distributed Mann-Withney U test was used to test the 
difference in means of respiratory movements among men and women (I), and the 
difference between respiratory movements among AS patients and controls (II). 
Wilkoxon Signed Rank test was used to compare means of respiratory movements of 
the right and left side of the thorax and abdomen in all studies (I-V) and also 
comparing  respiratory movements and lung volumes before and one, twelve and 
fifty-two weeks after cardiac surgery and these parameters of the IMA and the 
Median-groups (III-IV).  
 
 
Correlations 
Correlation between respiratory movements, age and gender (I), respiratory 
movements and disease duration and age of the patients with AS was tested using 
Kendall’s correlation (II). Pearson correlation was used to test the relationship 
between decrease in lung volumes and respiratory movements one week post-
operatively, as well as correlation between respiratory movements and intra-
operative measurements (III).  
 
The SPSSTM software (versions 10 and 11) were used for analysis. 
A p-value of  ≤ 0.05 was considered statistically significant in all the analyses. 
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THE INVESTIGATIONS 
 
Breathing movements and breathing patterns among healthy men and women 
20 to 69 years of age (I). 
 
Subjects 
The study group consisted of 100 healthy individuals, 50 men and 50 women, 21 to 
69 years of age. Table 5 shows their demographic data. 
 
Table 5. Demographic data of  the subjects 
 
 
Men    
Age 
in years 
Weight 
in kg 
Height 
in cm 
BMI = 
kg/m2 
Mean±SD 48±14 84.2±18.5 180±7 25.9±12.7 
Range 21-69 65-102  171-190 21.2-29.8 
Women      
Mean±SD 43±14 66.0±19.9 170±6 23.1±12.6 
Range 21-69 49-98 156-181 19.2-29.9 
   
 
Method  
Subjects were 10 men and 10 women in 5 decade groups from 21 to 69 years of age. 
They answered standardized questions on their health and their height and weight 
were measured. Bilateral respiratory movements for one minute during normal quiet 
and one minute during deep and slow breathing were measured using the RMMI 
Prototype I. 
 
Results 
Respiratory movements were symmetrical and did not decrease significantly with 
increasing age. Therefore, reference values for normal quiet and deep breathing were 
averaged for the whole group of men and the whole group of women (Figures 12 and 
13).  
There was no significant gender difference in respiratory movements during quiet 
breathing. On the other hand, during deep breathing women had significantly 
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(p>0.05) less abdominal movement than men. Separate reference values are therefore 
presented for men and women for both quiet and deep breathing (Figures 12 and 13).   
 
Respiratory movements during quiet breathing
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Figure 12. Reference values for respiratory movements during quiet breathing 
Abd = abdominal, LTh  = lower thoracic and UTh = upper thoracic respiratory movements during 
quiet breathing. 
 
Respiratory movements during deep breathing
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Figure 13. Reference values for respiratory movements during deep breathing 
Abd = abdominal, LTh  = lower thoracic and UTh = upper thoracic respiratory movements during 
deep breathing. * = p≤0.05 
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Conclusion  
Reference values of respiratory movement patterns obtained from one hundred 
healthy individuals are similar for males and females, with the exception of deep 
breathing, where men have significantly greater abdomnial movements than women. 
Reference values are valuable for comparison  when assessing patients. 
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Rib cage motion in ankylosing spondylitis patients: A pilot study (II) 
 
Subjects 
Participants were 14 male AS patients with an average age of  47±9.5 years and a 
control group of 14 healthy men selected from study I matched for age, height and 
weight. 
 
Method 
Demographic data and time of diagnosis were recorded. Respiratory movements 
were measured using the RMMI Prototype II as previously described and compared 
with converted data from the control group. 
 
Results 
The average disease duration among the AS patients was 13.3 years (6-26 years). 
They had significantly less average upper thoracic movements compared with the 
control group (Figure 14). The movement only reached 58% of the reference value 
(p=0.004) on the right side and 62% on the left side (p=0.035). No correlation was 
found between measured respiratory movements and age or the duration of the 
disease. 
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Figure 14. Average respiratory movements of AS patients 
compared with reference values set at 100%. *= p≤ 0.05;  ** = p≤ 0.01. 
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Conclusion 
Subjects with ankylosing spondylitis have significantly restricted upper thoracic 
respiratory movements. This decrease in movements would not have been detected 
with traditional tape measurements at the xiphisternal joint.   
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Short-term changes in pulmonary function and respiratory movements 
 after cardiac surgery via median sternotomy (III) 
 
Subjects 
The study group consisted of twenty patients, thirteen men and seven women with a 
mean age of 65±16.5 years and BMI of 27.9±5.4.  Thirteen of the subjects were 
smokers with an average smoking history of 25 package years.  
 
Method  
Standard routine for pre-, intra- and post-operative treatment of cardiac surgery 
patients at Landspitali-University Hospital was followed. In addition, the width and 
difference in height of the surgical opening was measured intra-operatively.  
Aortic and mitral valve replacement as well as ventricular septal defect repair are 
surgical procedures performed through sternotomy, where the Median-retractor is 
used to widen the surgical opening and gain access to the heart.  When the left 
internal thoracic (mammary) artery is used to bypass a coronary artery occlusion the 
IMA-retractor is also used to elevate the left side of the rib cage in order to harvest 
the artery. Examples of such surgical procedures are coronary artery bypass grafting 
(CABG) and off-pump coronary artery grafting (OPCAG) surgeries. 
Respiratory movements and lung volumes were measured before and one week after 
the operation.  Furthermore pre- and post-operative pulmonary radiographs were 
rated on a scale of 1 to 4 as previously described. 
 
Results 
The surgical procedures are listed in Table 6 together with the number of patients 
undergoing each procedure. 
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Table 6. Surgical procedures 
Number of patients undergoing each operative procedure given 
Procedures Number of patients 
Aortic valve replacement 6 
Coronary artery bypass grafting  and aortic valve replacement  6 
Off pump coronary artery bypass coronary artery bypass grafting 4 
Coronary artery bypass grafting 2 
Mitral valve replacement 1 
Ventricular septal defect repair 1 
 
Average respiratory movements were symmetrical before and one week after the 
operation (Figure 15). Average respiratory movements were all significantly 
decreased (p<0.05) post-operatively compared with pre-operative values, except for 
upper thoracic movement on the right side. 
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Figure 15. Respiratory motion one week after cardiac surgery 
Post-operative values are shown as percent of pre-operative values set at 100%.  
*= p≤ 0.05;  ** = p≤ 0.01. 
  
Average lung volumes 1 week after cardiac surgery via sternotomy were 
significantly less (p<0.0001) than pre-operatively. Vital capacity was 59.7%, forced 
vital capacity 61.2% and forced expiratory volume in one second 61.0% of the pre-
operative values (Table 7). 
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Table 7. Pre- and post-operative lung volumes of  cardiac surgery patients 
_________________________________________________ 
Pre-operative  VC  FVC  FEV1 
Mean ±SD   3.32±0.79 3.17±0.80        2.52±0.82 
Percent of predicted  88.3%  88.1%  87.5% 
value 
___________________________________________________________ 
Post-operative  VC  FVC  FEV1 
Mean ±SD   1.97±0.56 1.92±0.64        1.49±0.53 
Percent of predicted value 52.4%  53.3%  51.7% 
Percent of pre-op. value 59.3%  60.6%  59.1% 
p value   <0.0001  <0.0001             <0.0001 
___________________________________________________________ 
VC = vital capacity,  FVC = forced vital capacity and FEV1 = forced expiratory  
volume in one second 
 
Pre-operatively 15 patients had normal radiographs, 2 had minor atelectasis, 3 had 
minor pleural effusion and 1 had an elevated left diaphragm. One week post-
operatively pulmonary radiographs of all 16 patients showed signs of atelectasis in a 
varying degree, 12 showed pleural effusion and 12 an elevated left diaphragm (Table 
8).  
Significant correlation (p<0.05) was found between average total respiratory 
movement one week following cardiac surgery and the decrease in VC and FEV1. 
Furthermore, significant correlations were also found between the decrease in VC, 
FVC and FEV1 and left abdominal movement one week post-operatively.
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Table 8. Abnormal chest radiographs before and 1 week after cardiac surgery 
  
 week 0   week 1   
Sign on a 
radiograph 
Atel-
ectasis 
Pleural 
effusion 
Elevated 
diaphragm 
Atel-
ectasis 
Pleural 
effusion 
Elevated 
diaphragm 
Grade 1 18 17 19 4 8 8 
Grade 2 2 3  5 4 5 
Grade 3   1 5 4 3 
Grade 4    6 4 4 
 
Number of patients showing abnormal chest radiographs before and 1 week after cardiac 
surgery (n=20). Grade 1 means normal chest radiograph and grade 4 major atelectasis etc. 
(see Table 4, page 34) 
 
Conclusion 
Sternotomy causes significant decrease in lung volumes and respiratory movements 
one week post-operatively. The respiratory movement pattern is altered from 
predominantly abdominal to upper thoracic movement pattern.  
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Respiratory movements are altered three months and one year 
following cardiac surgery (IV). 
 
Subjects 
Subjects were the same as participated in study III. 
 
Method 
Respiratory movements and lung volumes were measured and chest radiographs rated 12 
and 52 weeks post-operatively, using the same instruments and procedures as in study III. 
 
Results 
Average bilateral abdominal respiratory movements were significantly decreased (right 
side p=0.04, left side p=0.02) 12 weeks post-operatively compared with pre-operative 
values (Figure 16). At 52 weeks follow-up there was not a significant reduction in 
abdominal motion compared with pre-operative value. On the other hand, upper thoracic 
movement was significantly increased (right p=0.003, left p=0.045) compared with pre-
operative values. 
Respiratory movements were symmetrical pre-operatively, but average abdominal and 
upper thoracic respiratory movements were significantly less on the left side than the right 
side (p=0.006, p=0.008 respectively) at the 12 week follow-up (Figure 16).  At 52 weeks 
follow-up the asymmetry was no longer present (Figure 17). 
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Figure 16. Respiratory movements 12 weeks after cardiac surgery 
The values are presented as percent of pre-operative values indicated by dark line (100%).  
*= p≤ 0.05;  ** = p≤ 0.01. 
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Respiratory movements 52 weeks after cardiac surgery
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Figure 17. Respiratory movements 52 weeks following cardiac surgery 
The average right and left upper thoracic movements were significantly increased, p=0.003 and p=0.045 
respectively fifty-two weeks post-operatively compared with pre-operative values indicated by dark line 
(100%).  
 
 
Average lung volumes were significantly diminished (VC and FEV1 p=0.001, FVC 
p=0.006) 12 weeks post-operatively compared with pre-operative values, but not 52 weeks 
post-operatively (Table 9). 
 
Table 9. Lung volumes 1, 12 and 52 weeks after cardiac surgery 
______________________________________________________________________ 
Volumes      Week 1     Week 12  Week 52 
    %     p     %    p     %  p 
VC 52.4 0.0001  88.15 0.001  93.96 NS 
FVC 61.2 0.0001  89.23 0.006  98.38 NS 
FEV1 61.0 0.0001  86.05 0.001  94.52 NS  
_______________________________________________________________________ 
Lung volumes in percent of pre-operative values 1, 12 and 52 weeks following cardiac surgery 
Data from study III and IV. 
 
Patients demonstrating abnormal chest radiographs before and 12 and 52 weeks after 
cardiac surgery is shown in Table 10. 
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Table 10. Abnormal radiographs before, 12 and 52 weeks after cardiac surgery 
 
Subject nr 1 4 5 6 9 15 16 17 19 
Pre-operative          
Atelectasis      2   2 
Plerual effusion    2    2 2 
Elevated diaphragm 3         
12 weeks post-operative                   
Atelectasis 2    3 2    
Plerual effusion     2  2   
Elevated diaphragm 4 2 3  4  2 2  
52 weeks post-operative                   
Atelectasis     2  2   
Plerual effusion       2   
Elevated diaphragm 4       3   2     
 
Data from study III and IV. 
 
Conclusion 
Cardiac surgery has a prolonged affect on respiratory movements. Three months later the 
abdominal movements are still reduced and the respiratory movement pattern is altered 
from predominantly abdominal to upper thoracic a year after the surgery. 
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 Chest wall motion and pulmonary function are more diminished following 
 cardiac surgery when the internal mammary artery retractor is used (V). 
 
Subjects 
Subjects were the same as in study III. They were divided into two groups according 
to the surgical procedure used. Eight patients were in the Median-group, where only 
the Median-retractor was used, and twelve in the IMA-group, where both the 
Median- and the IMA-retractors were used. 
 
Method 
The same methods and procedures were used as in study IV and demographic and 
pre-operative data from study III were used to compare the groups. 
 
Results 
Prior to the operation, there was no significant difference between the two groups. 
Twelve and 52 weeks post-operatively abdominal movements and forced expiratory 
volumes were significantly decreased in the IMA-group. The average left abdominal 
movements were significantly more reduced than the average right movements 
among the IMA-group but were symmetrical in the Median-group (Figure 18 and 
19). 
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Figure 18. Respiratory motion of two groups of caridac surgery patients12 weeks post-
operatively. The values are shown in percent of pre-operative values indicated by dark line 
(100%) IMA-group = patients operated on with the use of the IMA-retractor and the 
Median- retractor. Median-group = patients operated on with the use of the Median-
retractor. IMA- group: right abdominal motion p=0.028, left abdominal motion p=0.009. 
Difference in right and left abdominal motion of the IMA-group, p=0.003. 
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Figure 19. Respiratory motion of two groups of caridac surgery patients 52 weeks post-
operatively 
The values are shown in percent of pre-operative values indicated by dark line (100%) 
IMA-group = patients operated on with the use of the IMA-retractor and the Median-retractor. 
Median-group = patients operated on with the use of the Median-retractor. IMA-group: right 
abdominal motion p=0.047, left abdominal motion p=0.021. The Median-group showed 
significant increase in lower- and upper thoracic motion. *=<0.05 **=<0.01. 
 
Three patients belonging to the IMA-group had abnormal chest radiographs 52 
weeks post-operatively (Table 11). All had elevated diaphragm, two of them had also 
minor atelectasis and one additionally minor pleural effusion.   
 
Table 11. Patients in the Median- and IMA-groups showing abnormal pulmonary radiographs 
52 weeks after cardiac surgery. 
 
Sign on radiograph Median-group 
Number of patients 
IMA-group 
Number of patients and grade 
Atelectasis  0 2                         2 
Plerual effusion 0 1                         2 
Elevated diaphragm 0                3                2, 3 and 4 
 
 
Respiratory movements 52 week following cardiac surgery
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Conclusion 
Patients undergoing cardiac surgery where both the Median and the IMA-retractors 
were used had significantly asymmetrical and more reduced abdominal respiratory 
movements and forced respiratory volumes than those where only the Median 
retractor was used.  
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GENERAL DISCUSSION 
 
The RMMI 
Physiotherapists working with patients after undergoing cardiac surgery through 
sternotomy had noticed that the patients´ respiratory movements were diminished 
and the movement pattern changed from predominantly abdominal to thoracic one. 
This clinical observation was the incentive for acquiring an instrument capable of 
simultaneously measuring all variables of the respiratory movement pattern and 
prompted the development of the RMMI in co-operation with the bioengineering 
department at Landspitali University Hospital, Reykjavík. 
Instruments available on the market such as the Magnetometer and the Respiratory 
Inductive Plethysmography (RIP) are indeed constructed to detect chest and 
abdominal motion, but their function is to extrapolate motion into volume of air 
entering the lungs. Thus their measurement outcome is in ml air but not in mm of 
movements (4, 8, 15, 21, 32, 38, 51, 59, 63, 69, 72, 75, 79, 86). Theoretically, 
however, the Magnetometer could possibly be adapted to measure respiratory 
movements with an adequate number of sensors, a new connecting cabinet and 
software.  However, it is impractical for use in hospital environment as an electric 
current is directly applied to the patient and it generates a magnetic field. Also, it is 
prone to cardiogenic and movement artefacts as well as sensitive to metallic objects 
in its surroundings (41). The RIP registers circumferential changes in the rib cage 
and abdomen with respiration and calculates lung volumes. Consequently symmetry 
of respiratory motion cannot be measured with RIP.  
 
Subjective methods and tape measure 
The traditional methods to assess respiratory movements in clinical practice have 
mostly been subjective relying on inspection and palpation, except for 
circumferential measurement of chest expansion with tape measure. Resolution of 
tape measurements is theoretically 1.0 mm, but in practice the recordings are often in 
0.5 cm intervals, as a more accurate reading is difficult. The sensitivity of tape 
measurements to change has thus been questioned and considered insufficient for use 
in clinical trials or intervention studies (2). Consequently, the RMMI with its high 
resolution and precision was developed to overcome these shortcomings. 
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Furthermore, a tape measure can obviously not differentiate between movements of 
the right and left sides and in order to measure chest and abdominal movements 
simultaneously two testers are needed. Although bigger and more expensive than 
tape measure the RMMI gives more detailed and accurate information on respiratory 
movement and movement pattern than does a tape measure. Thus, it is a feasible 
equipment for both research as well as clinical purposes. RMMI measurements can 
detect deviations from the normal state and therefore be used to formulate 
aetiological hypothesis and evaluate treatment results, using the initial measurement 
for comparison. The unique feature of the RMMI is that it gives objective values for 
five variables of the respiratory movement pattern simultaneously. An apparent 
shortcoming of the RMMI is that it measures respiratory movement only one-
dimensionally. However, researchers have stated that measurement of one plane of 
chest expansion should be sufficient for clinical and epidemiological purposes, as the 
increase in chest expansion is similar in all three planes of mobility (64).  
 
Reference values for respiratory movement pattern  
Reference values for maximal chest expansion measured with tape measure and 
modified Breysky pelvimeter was published by Moll and Wright as early as 1972. 
They found varying normal range of values within each age and gender group (64). 
The greatest variability was in measurements of transverse chest movement and the 
smallest in circumferential (64).  The findings in study I are partly in agreement with 
the findings of Moll and Wright as the variability in measurements of both studies 
was considerable. However, the age related decrease in chest expansion reported by 
Moll and Wright was not found in study I.  They measured their subjects in the 
standing position with hands on the head, thorax was thus already in expansion 
probably restricting the breathing movements of the oldest subjects. 
Indeed the position of the subject can influence the outcome of respiratory 
movements. DeGroote et al (1997) measured antero-posterior upper- and lower chest 
movements of 5 subjects in the sitting position with the ELITE system. Their 
reference values for the upper part of the chest was similar as found in study I, but 
less for the lower part of thorax (25). This discrepancy is in all probability caused by 
the difference in position of the subjects as there is less abdominal movement in the 
sitting and standing position than in the supine position (76, 83).   
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In spite of the great variability in reference values for respiratory movements, these 
give an indication for normal range. Measuring respiratory movements are of 
importance, especially when evaluating intervention as done in studies III to V or 
when monitoring progression of a disease over time, where the subjects are their own 
reference points.   
The average type of respiratory movement during quiet breathing was abdominal for 
both men and women in study I, which is in agreement with a pervious study (79). 
On the other hand, women had significantly less abdominal movements during deep 
breathing than men, which was the only gender difference.  
It is generally assumed that respiratory movements are symmetrical. Leong et al 
(1999) and the findings in study I support this assumption (52). Respiratory rhythm 
during quiet breathing in study I was similar to pervious findings (5, 79).    
The respiratory frequency during quiet breathing in study I was on the average 14 
breaths per minute. Researchers have reported average breathing frequencies from 10 
to 17 breaths per minute (55, 79). This wide range is probably due to the 
measurement method. The lower rates were obtained with subjects breathing through 
a mouth piece attached to a spirometer. The higher figures, on the other hand, were 
obtained by counting or from recordings obtained with a rib cage pneumograph (79).   
 
Clinical relevance of the breathing and respiratory movement pattern 
The significance of assessing breathing pattern for clinical practice has been disputed 
(9, 45, 80). It has been suggested that such an assessment could be used to 
distinguish between normal and abnormal breathing if reference values were 
available (80) and that “checking respiratory rates and breathing pattern should be an 
essential part of all health care investigations” (9). Abnormal breathing patterns have 
been associated with dyspnoea, airflow limitation, reduced lung volumes, impaired 
airway clearance and gas exchange as well as pain. It has been postulated that when 
these symptoms are identified and treated the breathing pattern improves (45). This is 
true in many instances, but the restricted upper thoracic movement found among the 
patients with ankylosing spondylitis in study II would in all likelihood not have been 
detected by looking for these symptoms. The results from study II demonstrate the 
necessity to measure both upper and lower thoracic respiratory movements in order 
to detect changes in rib cage mobility. The slightly increased abdominal movement 
compared with reference values (Figure 20) is probably a compensation for the 
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decreased upper thoracic motion. It is therefore likely that lung volume 
measurements could have been within the normal range. Lung volume measurements 
are indeed valuable for gathering information on volume and airflow, indicating 
restrictive and/or obstructive breathing patterns.  However, additional information on 
the motion responsible for inflating the lungs is just as important as a restrictive 
breathing pattern can also be caused by restricted rib cage and diaphragmatic motion. 
Assessing the respiratory movement pattern can therefore give valuable additional 
information. 
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Figure 20. Respiratory motion of two groups of patients and a group of healthy individuals 
 
A common characteristic among all groups depicted in Figure 20 is that the type of 
respiratory movement is predominantly abdominal (studies I, II and III). Cardiac 
patients have slightly reduced respiratory movements compared with the reference 
group (studies I and III) probably due to their cardiac disease and age-related 
deterioration as the cardiac patients were on the average two decades older than the 
reference group. Although respiratory movements in study I did not decrease 
significantly with increasing age, there was a tendency in that direction, which is 
likely to progress in the following decades. AS patients, on the other hand, have 
significantly reduced upper thoracic movements, which might be caused by changes 
in the costovertebral joints limiting movements in the upper thoracic region. The 
same changes are likely to affect the lower part of the thorax with progression of the 
disease, increasing the strain on the diaphragm. Consequently it is important to strive 
for maintaining thoracic mobility as long as possible to diminish disabling loss of 
lung volume. 
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Short- and long-term changes following cardiac surgery 
The results from studies III, IV and V demonstrate reduction in abdominal and lower 
thoracic movements one week post-operatively (Figure 21, blue dots). Twelve weeks 
after the operation (purple dots) abdominal movements showed some recovery but 
were still incomplete one year after the operation (yellow dots). Lower thoracic 
motion had recovered 12 weeks post-operatively and increased on the right side 
compared with pre-operative values one year after the operation. Upper thoracic 
movements were increased compared with pre-operative values both 12 and 52 
weeks post-operatively. 
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Figure 21. Respiratory motion during deep breathing 1, 12 and 52 weeks following cardiac surgery 
The values are shown as percent of pre-operative values indicated by the line at 100% 
Average lung volumes were significantly diminished at one and 12 weeks, but not 52 
weeks post-operatively. Abnormal signs on chest radiographs frequently occurred 
one week post-operatively but only 3 out of 20 patients showed some abnormalities 
52 weeks pos-operatively. 
The most striking feature in Figure 21 is the significant and symmetrical reduction in 
abdominal (p<0.001) and lower thoracic motion (p<0.05) during deep breathing 
among cardiac surgery patients one week post-operatively. This is partly in 
agreement with Fedullo et al (1992), who also found significant but asymmetrical 
reduction in abdominal motion among CABG patients one week post-operatively 
using zonography (34, 53). Locke and co-workers (1990) measured respiratory 
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movements during quiet breathing pre- and postoperatively among cardiac surgery 
patients and found diminished post-operative chest motion which had recovered a 
year later (53). The effect of cardiac surgery on respiratory movements during deep 
breathing has not previously been reported.  
 
Short-term effects of cardiac surgery  
Adverse effects of bed rest, anaesthesia, pain, sedatives and immobility are known to 
cause pulmonary complications such as atelectasis, pleural effusion and pneumonia 
following all major surgeries (10). However, these effects can not fully explain the 
high incidence of post-operative complications following cardiac surgery, which can 
extend hospital stay and are the chief cause for morbidity (87).   
Phrenic nerve injury (PNI) is a well documented additional complication of CABG 
(1, 20, 27, 29-31, 33, 41, 47, 50, 81, 90, 91). The reported incidence is variable or 
from 10% to 85% depending on evaluation methods and intra-operative variables 
such as use of ice slush for cooling (1, 23, 27, 29-31, 33, 34, 91). In addition 
overstretch and compression injuries to the phrenic nerve during harvesting of the 
internal thoracic (mammary) artery for bypass have been suggested as causative 
factors (46, 91). Diabetes has also been investigated as a risk factor for PNI 
following CABG (61). Since researchers reported good results from CABG 
operations without using ice slush for cooling (1, 30, 31, 33) this potential risk factor 
has diminished (23).  
The decreased lung volumes and abnormal chest radiographs found among the 
patients one week after surgery are in agreement with previous findings (1, 31, 33, 
46, 53, 74). A sign of an elevated left diaphragm was found among 60% of the 
patients, which is towards the upper limits of the range reported in previous studies 
(29, 31, 34). This could indicate that the phrenic nerve was affected, but the value of 
assessing diaphragmic function from its position on a chest radiograph has been 
questioned (29, 31, 34). DeVita et al (1993) found frequency of elevated diaphragm 
ranging from 26% to 85% among their cardiac surgery patients depending on the 
evaluation method (29). Studies have also shown that a normally positioned 
diaphragm on a radiograph does not exclude poor mobility of the diaphragm (34) nor 
does an elevated one automatically indicate a phrenic nerve injury (31). Patients 
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suffering from phrenic nerve paralysis are likely to stay longer in the intensive care 
unit than 48 hours (30) and thus, unlikely to be included in studies III to V. It has 
been suggested that an elevated diaphragm as revealed on a radiograph is more 
related to decreased ventilation caused by atelectasis and pleural effusion than 
dysfunction of the diaphragm (31, 34). Inter-operative factors can affect the 
occurrence of atelectasis (91) however temperature-related cold injury is not 
considered a major cause of atelectasis following cardiac surgery (78). All 20 cardiac 
patients showed signs of atelectasis and 60% had pleural effusion one week post-
operatively, which is similar to previous reports (46, 78). These signs together with 
anaesthesia and bed rest could partly be the causative factors for the dramatic 
reduction in abdominal movements and vital capacity. In order to rule out the early 
effects of cardiac surgery on respiratory motion, a follow-up study was conducted 12 
and 52 weeks post-operatively (study IV). 
Long-term effects of cardiac surgery 
The cardiac patients were reassessed after rehabilitation 12 weeks post-operatively and 
then again 52 weeks after surgery. The greatest change between the first and 12th post-
operative week was the significant increase in lung volumes reaching close to 90% of pre-
operative values, which is less reduction in lung volumes than the 70% to 75% previously 
reported (74). A possible explanation for this difference could be diversity in surgical 
procedure as well as post-operative treatment, bearing in mind that all patients in study IV 
had finished a rehabilitation program. 
 Signs of elevated diaphragm, atelectasis and pleural effusion were still evident on 
radiographs among several of the patients 12 weeks post-operatively. At 52 weeks only 
three patients showed abnormal signs on radiographs. Bilateral abdominal respiratory 
movements during deep breathing were significantly reduced (right p=0.04, left p=0.02) 
12 weeks after cardiac surgery compared with pre-operative values and were still 11% less 
52 weeks after surgery. The abdominal motion was symmetrical pre- and one week post-
operatively, but asymmetrical 12 weeks post-operatively with significantly (p=0.006) less 
movement on the left side. The abdominal movements were again symmetrical 52 weeks 
post-operatively. The reduction in left abdominal motion might be caused by some 
damage to the left phrenic nerve, which had then recovered after 52 weeks. Locke et al 
(1990) reported that patients with phrenic nerve damage reached pre-operative abdominal 
respiratory movements during quiet breathing in a year.  
 60 
Separating the patients in two groups according to surgical procedure revealed that only 
the patients operated on using the IMA-retractor showed reduction and asymmetry in 
abdominal movements 12 weeks post-operatively (study IV). IMA grafting has been 
found to have long-term beneficial effect and a strong protecting outcome on peri-
operative mortality (50). On the other hand it seems to have unfavourable effect on the 
respiratory function. The blood supply to the left diaphragm is greatly diminished when 
the left internal thoracic artery is used for the graft. This can partly explain the decreased 
abdominal respiratory movements. Furthermore, when the IMA-retractor is used, the left 
side of the rib cage is elevated placing more strain on muscles and joint structures. The 
pain between the shoulder blades during the first post-operative week often experienced by 
theses patients is probably a further indication of connective tissue injuries. Twelve weeks 
post-operatively the capsules and ligaments of the costovertebral joints are likely to have 
recovered from the overstretch and the patient has gradually learned to use the increased 
range of motion of the ribs.  
The adverse effect of the IMA-procedure are still evident both 12 and 52 weeks after the 
operation. Most noticeable is the reduction in abdominal motion which is still less than 
80% of pre-operative values after 52 weeks.  The significant decrease in FVC and FEV1 
12 weeks post-operatively indicates lack of strength in the expiratory muscles probably 
caused by the strain on the muscles during the operation. The muscles had then regained 
strength at 52 weeks. The lack of abdominal motion at 52 weeks among the IMA-group 
was partly compensated for by increased thoracic motions, resulting in nearly pre-
operative VC value. 
The results of studies III, IV and V show great difference in recovery among cardiac 
surgery patients according to the operative procedure used. Patients operated on using the 
Median-retractor alone recover considerably faster than those operated on using the 
Median- and IMA-retractors.  
Consequently, it would be of great value to find ways to avoid the unfavourable 
effect of IMA-retractor on the respiratory function. Until then physiotherapists 
should do their utmost to promote mobility as well as strength in inspiratory and 
expiratory muscles.  
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CONCLUSIONS 
 
The overall conclusion of this thesis is that the RMMI is a valid, reliable and 
clinically useful instrument for measuring respiratory movements and respiratory 
movement patterns. 
 
Reference values on respiratory movements of healthy individuals 20 to 69 years of age 
can be combined both for normal quiet and deep breathing. Separate reference values are, 
however, needed for men and women, as the women have less abdominal respiratory 
movement during deep breathing.  Normal respiratory movements are symmetrical but 
women tend to use more upper thoracic movements during deep breathing and men 
abdominal type of movements (I). 
 
The RMMI measurements provide more detailed information than usually obtained in 
clinical practice for Ankylosing Spondylitis patients. This is likely to result in more 
detailed assessment of chest wall motion. Consequently health care professionals are able 
to select interventions aimed at more specific areas rather than a general restriction of chest 
mobility. The sensitivity of the RMMI measurements makes it useful in follow-up 
intervention studies (II).  
 
The adverse influence of cardiac surgery on pulmonary function and respiratory 
movements is profound at one week following cardiac surgery with sternotomy. Average 
respiratory movements during deep breathing are reduced and changed from abdominal to 
thoracic type of movements. The reduction in respiratory movements is associated with 
reduced lung volumes  (III).  
 
Abdominal movements as well as lung volumes are still diminished twelve weeks 
following cardiac surgery and thoracic movements are increased. It seems probable that 
the surgical procedure through sternotomy causes injury to the motor system of the 
respiratory organs. One year after the operation abdominal movments have not completely 
reached pre-operative values, on the other hand the thoracic movements are increased (IV). 
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Patients undergoing cardiac surgery where both Median- and IMA-retractors are 
used have asymmetrical and reduced abdominal respiratory movements. Thus the use 
of the IMA-retractor seems to have an adverse effect on respiratory movements lasting at 
least one year after the operation (V). 
 
 
The studies III to V indicate that greater attention should be paid to the motor system of the 
respiratory organs following cardiac surgery, especially in patients operated on with the 
use of the IMA-retractor, both during the patient’s hospital stay and during further 
rehabilitation. Therapeutic interventions used in the acute phase of connective tissue 
overstretch injuries are therefore likely to enhance recovery. The significant difference in 
abdominal movements between the two groups indicates that the diaphragm particularly 
on the left side also suffers overstretch injury as well as the abdominal muscles on the left 
side. Interventions to regain the strength of these muscles are therefore also likely to be 
beneficial (III, IV, V). 
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